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Neuronal Activity in the Primate Motor Thalamus During Visually
Triggered and Internally Generated Limb Movements

P. van DONKELAAR,* J. F. STEIN! R. E. PASSINGHAM? AND R. C. MIALL?
tUniversity Laboratory of Physiology armiepartment of Experimental Psychology, University of Oxford,
Oxford OX1 3PT, United Kingdom

Neuronal activity in the primate motor thalamus during visuallynoyvements that are initiated and/or guided by the presencg of
triggered and internally generated limb movemeadtNeurophysiol. sensory cues (Jueptner et al. 1996; Mushiake and Strick 1993

82: 934-945, 1999. Single-unit recordings were made from the basal-.. . - .
ganglia- and cerebellar-receiving areas of the thalamus in two m ein and Glickstein 1992; van Donkelaar and Lee 1994)] In

keys trained to make arm movements that were either visually trigontrast, the basal ganglia have been shown to be preferentially
gered (VT) or internally generated (IG). A total of 203 neuronfvolved in movement selection (Jueptner et al. 1997), the
displaying movement-related changes in activity were examined imhibition of undesired movements (Mink 1996), the sequenc-
detail. Most of these cells (69%) showed an increase in firing ratei'mg of a series of movements (Boecker et al. 1998; Brotchi
relation to the onset of movement and could be categorized accordilg 1991; Kermadi and Joseph 1995), and the productior| &f

to whether they fired in the VT task exclusively, in the IG taskyomqrized or internally generated movements (Crawford e{ &.
exclusively, or in both tasks. The proportion of cells in each catego

was found to vary between each of the cerebellar-receiving [02989' Hlkosaka and_Wurtz 1985; Mushiake apd Strick 19
portion of the ventral posterolateral nucleus (VPLo) and area X] ardese functions attributed to the basal ganglia are not ne
basal-ganglia-receiving [oral portion of the ventral lateral nuclewarily mutually exclusive. In fact, a feature that may be co
(VLo) and parvocellular portion of the ventral anterior nucleusnon to each is the selection of responses based on intqrgal
(VApc)] nuclei that were examined. In particular, in area X the largegues. Thus it has been suggested that at a very general levgtshe
group of cells (52%) showed an increase in activity during the VT ta%érebellum may be involved preferentially in triggering an&

van Donkelaar, P., J. F. Stein, R. E. Passingham, and R. C. Miall. the cerebellum has been shown to be preferentially invoIveEin

only, whereas in VApc the largest group of cells (53%) fired in the IG . .. P
task only. In contrast to this, relatively high degree of task specificit uiding movements based on external sensory stimuli, whe &S

in both VPLo and VLo the largest group of cells5%) burst in e basal ganglia may be involved preferentially in select ng
relation to both tasks. Of the cells that were active in both tasks/@ovements based on internal cues. Having said this, i{'%
higher proportion were preferentially active in the VT task in VPLamportant to emphasize that this dissociation is not compl @
and area X, and the IG task in VLo and VApc. In addition, cells in aln other words, the cerebellum also appears to be involve
four nuclei became active earlier relative to movement onset in the {5certain extent in movements based on internal cues an

task compared with the VT task. These results demonstrate t o ; ; £

. oo . Dasal ganglia in movements triggered and guided by extefral
functional distinctions do exist in the cerebellar- and basal-ganglia;. . . . h . A
receiving portions of the primate motor thalamus in relation to th%'mu“ (Passingham 1993; Stein 1986). Indeed, there is ,

types of cues used to initiate and control movement. These distiff€NCce to suggest that the functional specificity described a C@e
tions are most clear in area X and VApc, and are much less appar@idy be restricted to certain portions of the cerebello- and basal
in VPLo and VLo. ganglio-thalamo-cortical systems (see following text). Thus
important point is that different anatomically segregated suib-
circuits arising from the basal ganglia and cerebellum appedr to
INTRODUCTION be involved to varying degrees in the performance of moye-

ments based on external versus internal cues.

_The cerebellum and basal ganglia project via fche thglamus ©Orhe purpose of the present experiment was to examine|the
widespread yet overlapping parts of the cortex including aregs,

involved with the control of movement. At the level of th tent of this functional specificity at the level of the thalamys.
thalamus, the projections from the deep; nuclei of the cerebglV'0US thalamic fec.ofd'”.g studies have shown clear limb-
lum and the internal segment of the globus pallidus (GPCVEMent-related activity in both cerebellar- and basal-gpn-

ia-receiving nuclei (e.g., Anderson and Turner 1991; Butler

remain largely segregated (Roullier et al. 1994; Sakai et &l. )
1996). This level of neuroanatomic segregation, although rigtdl- 1992, 1996; Forlano et al. 1993). In the present study,|we
=Y rded from cells in different portions of the primate motpr

as complete at the level of the cortex as was once believed, . . . .
amus during movements that were either visually triggefed

led to the suggestion that the cerebellum and basal ganglia : . 2
their ascending projections also may be differentiated onC4 Nternally generated. We looked in particular at activity fn
he cerebellar-receiving nuclei VPLo (oral portion of the vep-

functional basis. The exact nature of this functional differer} .
| posterolateral nucleus) and area X and the basal-gangliai

tiation has been the focus of numerous studies. For exampl&. PO ) .
receiving nuclei VLo (oral portion of the ventral lateral ny

The costs of publication of this article were defrayed in part by the payme%leus) and VApc (parvocellular portion of the V.entral am?r_'?_r
of page charges. The article must therefore be hereby masaettisement nNucleus). We predicted that the de_gree of functional specifi ity
in accordance with 18 U.S.C. Section 1734 solely to indicate this fact. ~ observed for each of these nuclei would be dependent on its

934 0022-3077/99 $5.00 Copyright © 1999 The American Physiological Society
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pattern of connectivity within each subcortico-thalamo-corticaentrally did not differentiate between visually guided and

pathway. memory-guided arm movements.
Some insight into this issue can be gained by examining howHow such functional neuroanatomic distinctions may

output cells in the cerebellum and basal ganglia that projectriflected in the basal-ganglia-receiving portions of the thgla-

specific portions of the motor thalamus respond in differentus is not clear. Cells located more dorsally in the GPi proj
movement contexts. For example, Mushiake and Strick (1998ginly to lateral and rostral aspects of VLo and VApc.

have demonstrated that the majority of cells in the caudabntrast, cells located more ventrally in the GPi project to the
portion of the cerebellar dentate nucleus display a preferemoaldle portion of VLo (DeVito and Anderson 1982). Thege
for movements based on visual cues—firing to a greater exteesults and those of Mushiake and Strick (1995) imply that
when a visual target triggers and guides the response comparelts within VApc may be more likely to display a preferenge

with when the same movements are generated from memdoy. internally driven movements than cells within VLo, a
This area of the dentate projects mainly to area X (Strick et #hough it is not clear how much of a difference there would
1993), implying that cells in area X also may display a prebecause of the overlap in the pallidothalamic projections.

erence for visually triggered and guided movements. By con-To provide further insight into these questions, we descr|
trast, Mushiake and Strick (1993) also found that cells in trexperiments in which single-unit recordings were made in

more rostral portion of the dentate did not differentiate aserebellar- and basal-ganglia-receiving portions of the primiate

clearly between visually guided and memory-guided armotor thalamus during visually triggered and internally gen

movements. The rostral dentate projects mainly to VPLlated limb movements. A preliminary report of portions of the

(Strick et al. 1993), implying that cells in this part of thepresent data were presented previously (van Donkelaar €
thalamus may not differentiate between these two modes1#97a).
movement as clearly as cells in area X.
Studies that have examined these functional distinctions it tnops
basal ganglia output cells have produced less consistent results.
Mink and Thach (1991b) and Inase et al. (1996a) found thAfimals and apparatus
inactivation of the GPi caused similar deficits in both visually 1, juvenile rhesus macaque monkedagaca mulatth, weigh-

triggered and memory-guided or self-paced movementsy petween 4.8 and 5.2 kg, served as subjects in the present e
namely, a flexor drift in the affected arm. This led thesgnent. All procedures for animal care and use were in accord with
researchers to conclude justly that the basal ganglia was ‘iBuiding Principles in the Care and Use of Animals” (America
volved in turning off or biasing muscle activity to allow aPhysiological Society 1991). Each monkey was trained to perfd
particular movement to occur regardless of the context. Comaching movements with the right hand using a manipulandum
sistent with their infusion results, Mink and Thach (1991&llowed multijoint responses in a two-dimensional workspace. T

found that the activity of cells in the GPi did not differentiaténanipulandum was positioned underneath an angled semisilve

between several different modes of movement including vis7or onto which could be projected the virtual image of a target
ally triggered and self-paced movements. A similar lack of tad") from an overhead computer screen. The manipulandum

oS . . ade visible through the mirror with diffuse illumination of th
specificity has been found in cells located in the putam mogeneous background. The position of the manipulandum

(Kimura et al. 1992) and the SNpr (Hikosaka and Wurtgeasyred in the anterior-posterior and medial-lateral dimensions
1983a,b). By contrast, Brotchie and coworkers (1991) Sugo precision potentiometers. The monkey was rewarded for mak
gested from the results of their experiments that activity in GRjrward movements with the manipulandum starting just in front of

cells provided an internal cue that contributed to the switchingrso and ending-15 cm away with the arm almost fully extended.

from one movement to another within a predictable sequence.

Importantly, the magnitude of this activity dropped off considgehavioral tasks

erably when the sequence became unpredictable (and therefore

driven by external sensory cues). Two behavioral tasks were used. In both, the monkey was requ
How can these differing results be accounted for while stfip wait before initiating a response with his hand grasping the 1

maintaining that the basal ganglia may be involved in SO’:ﬁulandum at the start position located cm directly in front and at

: . : midline of his torso. In the visually triggered task (VT), the tard
way in movement selection based on internal cues? One p, h would appear after a variable )l’engt% of time ((2_3) ), and |

TSib'e e_xplanation i_s with r.eSpe.Ct tc_) the Iocation_ within the G onkey was rewarded for accurately reaching it with the manipul
in particular at which the inactivation or recording took placey,m. in 80% of the trials, the target would appear at the center of

Mink. and ThaCh. (1991b) and Inase ar‘d cowprkers (19968yeen directly in front of the monkey. In the remaining 20% of trial
inactivated the mid- to ventral half of GPi and Mink and Thacthe target would appear 5 cm to the left or right of center. These tr

(1991a) recorded from the same area. Kimura and coworkersre included to keep the monkey from producing stereotyped md
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(1991) recorded from the putamen which projects to the ventragnts to the central target. In the internally generated task (IG),
two-thirds of the globus pallidus (Smith and Parent 1986). O@rget appeared, and the monkey was rewarded simply for maki

the other hand, Brotchie and colleagues (1991) sampled “fréPntaneous movement of the same extent (i.e., 15 cm) as in thg VT

the full extent of the GP” (p.1671). Thus it may be that som@Sk- A minimum interval b3 s between each movement was rg-
awred, and early movements were signaled by a warning tone gfter

por_tlons of the GPi cor]trlbute preferentially to '”tefr!a”y CUChich the monkey was required to return to the starting position. T
actions and that the m.ld' to ventra! half of the GP'. IS not ong 7 trials the target provided a visual cue about when and wherg
of those areas. Mushiake and Strick (1995) explicitly testedach \whereas in IG trials, no such cue was present. In both tasks
this possibility and found that a large proportion of cells (65%honkey was allowed to return to the start position on succes
located in the dorsal part of the GPi fired preferentially duringobmpletion of the response (i.e., no “target hold time” was require
memory-guided arm movements, whereas cells located madite two tasks were presented in separate blocks of trials each la:

ga

us
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~2-5 min, depending on how long it took the monkey to complet®ata analysis

=20 successful trials.
Perimovement time histograms were constructed for a 3-s pefiod

; starting 1.5 s before the onset of movement and ending 1.5 s aftef thg
Surgical procedures onset of movement (40-ms bins). The mean and SD for the basgline

When each monkey was trained sufficiently on both tasks, it wastivity was calculated for the 500-ms period from 1051ts before
anaesthetized [ketamine hydrochloride (10 mg/kg im) and alphax@ovement onset. Movement-related changes in neuronal firing fate
lone/alphadolone acetate (5 mg/kg iv)], and a vertically orientatere considered significant when the mean firing rate increasegl or
recording chamber was implanted stereotaxically over the left thaecreased by=2 SD from the baseline activity for at least thr
mus under aseptic conditions. In addition, two small stainless sté@nhsecutive bins. The onset time of neuronal activity (the 1st of these
tubes were horizontally positioned in front of and behind the chambgignificant bins) was measured relative to the beginning of movemgnt.
and cemented to the skull using dental acrylic. These subsequertii¢ depth of modulation also was calculated as the average pergent
were used to stabilize the head during recording sessions. During &g€ change during the movement relative to the baseline firing ra
surgery, frontal and sagittal ventriculographs were obtained to aidi$h possible that preparatory activity in the IG task may start
the determination of the location of the thalamus with respect to thefore our baseline period (see e.g., Schultz and Romo 1992), thereby
recording chamber. Analgesics and antibiotics were given postopiasing the analysis of movement-related changes. We tested forf thig
atively as required. by comparing the magnitude of the baseline activity in the VT and|IG
tasks for the population of cells in each of the thalamic nudei
examined. In every case no significant differences were fotstebt,
P > 0.05), confirming that the preparatory activity was confined to the

The activity of isolated single units was recorded with glas$eriod just before the onset of movement.
insulated tungsten microelectrodes (impedance 1-Q) Nhserted
through a stainless steel guide tube extended to wittBrmm of the . . .
dorsal surface of the thalamus. Isolated waveforms were pas;g?]alam'c stimulation

through a time-voltage template (CED Spike2) to discriminate and|, separate sessions, we used thalamic stimulation as an aid to Pglp
produce a pulse for each spike with a temporal resolution of 0.1 Mm% yetermine whether our recording sites were in cerebellar- or bgsai-
The potential relation between neuronal activity and the experimen nglia-receiving areas of the thalamus. Several recent microsti
task initially was assessed by inducing the monkey to reach towgg, experiments have demonstrated that movement can be elicit
food rewarqls p_resented by the experimenter. If the cell activity Wa8,, thresholds from VPLo and VLc (caudal portion of the ventr
modulated in this task, then further tests were completed to ensure {hat, | nucleus) but not any other thalamic nuclei (Buford et al. 19
it was due more specifically to arm movement and not to associaigh|| et al. 1998: Vitek et al. 1996). Brief (100—300 ms) trains
postural adjustments of the axial musculature or the legs or to fagighnasic stimulaiion (negative/positive, 0.2 ms per phase, 0.3
movements associated with licking/chewing. Briefly, these tests ¢ Rterpulse interval) were applied at a ra,te of 200 Hz at selec,ted d
sisted of examining the cell's response to passive rotation of t fong the presumed borders between the cerebellar- and basal-ga
relevant joints and active movements of the lower limbs and face ceiving areas. Motor responses were monitored by visual obse
response to unexpected touches or directly administered food rewaygs, 4ng palpation of the arm and hand. Stimulus current started 4
respectively). If the cell responded exclusively to lower limb or facg A 4nq was raised incrementally to a maximum of 458. When
movement or appeared to be related to the postural component of ements were elicited by the stimulation, a threshold was de
reaching response, it was not tested in the experimental task. If on the o4 by reducing current until a consistent (3 trials in a row) H
other hand the cell displayed arm-movement-related activity, itS I§5rely detectable muscle contraction was observed visually o]
sponse to the two different tasks was examined in detail. Although We|,aion . In addition, in the final sessions, small electrolytic mark
did not systematically examine cells with presumed leg-, torso-, aRlions were made along selected tracks by passing DC curren
face-related activity, we did note that there was some somatotogx’ 30 s) through a microelectrode.
present especially in VPLo and, to a lesser extent in VLo. In partic-
ular, as we moved mediolaterally with our penetrations, we tended to
encounter face, then arm, then leg cells. This is consistent wiistological procedures and identification of thalamic nuclgi
previous reports that have examined motor thalamic somatotopy in
more detail (Vitek et al. 1994, 1996). Finally, we also qualitatively At the end of the experiments each monkey was killed with a letpal
tested the response of cells to saccadic and smooth pursuit dgse of pentobarbital sodium. They subsequently were perfused tifans
movements by inducing the monkey to look at or visually track foodardially with saline, followed by 10% buffered Formalin. The brajn
rewards beyond their reach. We encountered several cells that wps removed from the cranium and fixed, frozen, and sectioned inthe
peared to have eye-movement-related activity and were likely locateahittal plane at 5um. Every fifth section was stained with cresy
in VAmc (magnocellular portion of the ventral anterior nucleus). Suckiolet and mounted.
cells were not investigated further. The thalamus was parcellated according to the nomenclature |and
For the arm-movement-related cells, spike frequency histogramgoarchitectonic criteria of Olszewski (1952) and Matelli and cgl-
triggered on movement onset (determined using a velocity threshdleBigues (1989). Briefly, VPLo is located in the ventrolateral part of {he
were constructed on-line to allow the experimenter to visually deterentrolateral thalamus and is separated anteriorally from VLc by V] o.
mine whether the isolated cell was modulated significantly by eith#lPLo possesses a heterogeneous cellular population characterizéd by
of the experimental tasks. In addition, histograms triggered on targetiformly distributed large, densely stained multipolar cells intermin-
onset also were generated for the VT task. These were used to confifed with cells of small diameter. Area X is located medial to VPllo
that the activity was movement-related rather than a long-latenagd VLo. It is composed of lightly stained uniformly distributed large
sensory response to the visual stimulus. In all cases, the changefugiform cells intermingled with small groups of lightly stained larde
activity were brisker and of a greater magnitude when triggered amultipolar cells. VLo is located lateral to area X posteriorly and VApc
movement onset rather than target onset. The spike trains, perimawere anteriorly. It is characterized by darkly stained small round| or
ment time histograms, timing of target appearance (in the VT tastyal cells densely packed in clusters separated by poorly populated
and reward delivery, and the movement trajectory all were savedareas. Finally, VApc is situated at the most rostral extent of the
computer for subsequent quantitative analysis. ventrolateral thalamus. It borders on VAmc medially and the VLo

Neuronal recording procedures
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laterally. It is composed of medium-sized lightly stained irregulariGeneral patterns of neuronal activity
distributed cells. .

Nuclear borders and electrolytic marking lesions were identified for YWe recorded from a total of 203 cells (110rimonkey land
each histological section. The nuclear borders were identified ba&s3iinmonkey 2that displayed changes in activity in relation {
on the characteristic nuclear cell densities and sizes described in atdeast one of the tasks. These cells fell into three gen
preceding text. Recording and stimulating positions were recopategories related to the nature and timing of their firi
structed based on their microdrive coordinates and, where possilpjattern. Examples of each of these categories are provide
gliosis associated with the electrode tracks, relative to the markely 2. The first group of cells showed a significant increase

lesions. Several additional pieces of evidence were used to hﬁ|*?ng rate before and/or during the movement (Fig).2The
confirm the reconstructions. First, lateral and coronal X-rays tak :

after each experiment with the electrode in place were compared v\%t%cor)d group displayed a'SIgnlflcant decrease n firing rat
the ventriculographs obtained during surgery to confirm the meth'!!S time (Fig. E.)' The third group showed an Increase

lateral and anteroposterior position of the electrode with respect to a9 rate exclusively at the end of the movement (Fif) 2

motor thalamus. Second, the high-frequency discharge characteridttese late onset cells could be coding the antagonist brakin
of the reticular nucleus and the somatosensory responses charact#ig-outward movement, the agonist activity of the return mo
tic of the caudal portion of the ventral posterolateral nucleus (VPLo)ent, or the delivery of the reward. This issue will be a
aided in the definition of the dorsoventral and posteriolateral bordegsessed in a subsequent publication. We never encount

respectively, of the motor thalamus. Third, the results from the mie|ls that displayed a combination of these activity categoffies

crostimulation sessions were used to confirm the location of VPLgEross task types (e.g., an increase in firing rate during the
VLc; previous studies have demonstrated that the threshold for elegz and a decrease in, firing rate during the IG task).

trical stimulation of movement rises dramatically as one moves - - .
rostrally from VPLo/VLc to VLo and VApc (Buford et al. 1996; Miall . Across the 203 cells examined, the majority displayed

et al. 1998; Vitek et al. 1996). The reconstructed recording positiogécrease n firing rate before and/olr during the movem
were mapped onto specific thalamic nuclei based on the cytoarcK@9%), With lower percentages showing decreases around
tectonic criteria described in the preceding text. These maps then w&gvement (22%) or increases exclusively at the end of
used to obtain cell counts and task specific frequencies in each of FREVement (9%). Moreover, as can be seen in Figh-d), the

nuclei examined. However, because of the difficulty in determiningercentage distributions of these three categories of cells
nuclear borders in the thalamus, any cells estimated to be on or ngeared to be similar in each of the four main thalamic nug
the borders were eliminated from subsequent analysis. Of the 284PLo, area X, VLo, VApc, respectively) from which wg
cells from which recordings originally were made, 21 were discarde@corded.y® analysis revealed a significant effect of activit
for this reason. Included in this group were several cells(3) that category across the four nucley¥(= 11.53, df= 2, P <

fe_II near the border between.Vl_DLo and VLc. Other than these cells W.eOOO3). Analytical comparisons demonstrated that the sig
did not record any others within VLc. . - . .
icant effect of activity category was due to differences in t
percentage of cells showing an increase in activity bef
and/or during the movement versus the percentage of cell
Movement characteristics the other two categories. Furthermore the differences betw

. i these latter two categories were not significant. Thus in all f
It was important to confirm that the VT and IG movementg g g

had similar temporal and kinematic characteristics. This WOU%

allow us to exclude the possibility that differences in neurongf, o, percentages of cells showing decreases around the m
activity between the two tasks were due simply to the fact thafo .t or increases only at the end of movement. Thus

the movements themselves were different. Figur@ andB,  gigterent cerebellar- and basal-ganglia-receiving nuclei co
provides the average peak velocity and movement time in t

VT and IG tasks for each monkey. A & 2 (task typeX
monkey) repeated-measures ANOVA (RM ANOVA) per
formed on each of these dependent variables revealed.llt}ioS
significant effects. Thus movement time and peak velocity
were similar for both tasks and for both monkeys. Because cells displaying an increase in activity around
movement constituted the largest group encountered,
decided to assess the response characteristics of this g
450 in further detail. In particular, we categorized these cells
to whether they fired in both the VT and IG task, exclusive
in the VT task, or exclusively in the 1G task. To be categ
350 - rized as “exclusively” related to a particular task type, a c
had to display a significant increase in firing rate for th
300 1 task and no significant increase above baseline levels in
250 | —1- Monkey 1 other task. This is a strict criterion that excludes cells tf
Y . .
—@— Monkey 2 show a “preference” for one task, that is, cells that fire w
T pa T & a greater magnitude in one task than they do in the ot
Task Task Task Task (Mushiake and Strick 1993, 1995; Mushiake et al. 199
Condition Condition We included such cells in our first category (i.e., cells th
Fic. 1. Mean peak velocity”A) and movement timeB) for monkey 1(0) fired _'n _bOt_h taSkS_) and have analyz_ed_ their response c
andmonkey Ze) across all trials in the visually triggered (VT) and internallycCteristics in relation to each task within each of the nug
generated (IG) tasks. Error bars, 1 SD. examined (see in the following text).
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regardless of whether the movement was visually triggered or
A internally generated. The cell in FigB4vas located in area X
Reward M and fire_d only when an external target was presented to triggen
and guide the movement. When no target was presented|and
l the monkey was required to produce an internally generdted
Target response, the cell failed to fire above baseline levels. In cpn-
trast, Fig. € shows a cell located in VApc that displayed tHe
I 5 cm opposite characteristics_: it fi_red duri_ng internally generafed
movements, but not during visually triggered responses.
Hand The percentages of cells that fell into each of these catggo-
ries were calculated for each nucleus. As is clear from Fig| 5,
B A-D, there appeared to be very different percentage distripu-
tions for each category within the four nuclei. In VPLo (Fig.
N 60 Start End 5A) most cells (60%) were active in both tasks, less were acfive
T exclusively in the VT task (29%) and relatively few in the 16
o 45 task only (11%). In area X (Fig.B, the largest group of cell
s were active exclusively in the VT task (52%) with fewer actiye
& 30 in both tasks (33%) and only a small number active exclusively
o in the 1G task (15%). In VLo (Fig. 6), the largest group of
'-; 15 cells were active in both tasks (50%), less coded exclusively
x for the IG task (33%), and relatively few for the VT task only
Y (17%). Finally, in VApc (Fig. ®), most cells were active in
0 the 1G task only (53%), a smaller number in both tasks (34Co§
and just a handful in the VT task only (13%y? analysis | 3
C revealed a significant two-way interaction between nucleus a@d
— 40 activity category ¢* = 31.53, df= 6, P < 0.0003). Analytical | @
I comparisons confirmed that the percentages of cells in tﬁe
- Start End largest group within each nucleus were significantly highet
o 30 " than in the remaining t In addition, th ta
2 g two groups. In addition, the percentags
g differences between these lower two groups were also sigri-
4 icant for three of the four nuclei (VPLo, area X, and VApdS.
fra Taken together, these results demonstrate that functional |dis
e g
= A VPLo C VLo S
w 70 = = o
.g 50 c
D E 40 i
- 304 2 4 1 I
2 N g
= 24 Start End T ]
o 181
> B Area X D VApc
g2 124 70 1 pe.
= n=49 n=55
g $u
‘% 0 :t; 40 1
% 30 1
500 ms O L |
Fic. 2. Examples of 3 different categories of movement-related activity in the ® 10 %
motor thalamusA: time course of target appearance, hand movement, and reward
delivery in a typical VT trial.B: example of a cell from oral portion of the ventral o Decrease Increase Increase Decrease Increase Increase
posterolateral nucleus (VPLo) displaying an increase in firing rate before and During At During At
during the movementC: example of a cell from VPLo displaying a decrease in Movement End Movement End
firing rate before and during the movemeBt. example of a cell from ventral ~ Fic. 3.  Percentages of cells displaying the 3 different categories of mgve-
lateral nucleus (VLo) displaying an increase in firing rate at the end of tmeent-related activity in each of the 4 main thalamic nuclei examined. Each|bar
movement only. Spike frequency histogramsBirD are aligned on movement represents the average from the 2 monkeysells that displayed a decreasg
onset and represent the average firing rates in 40-ms bins across a minimurim €ifing rate around the movement;cells that displayed an increase in firin
10-15 trials. Start, movement onset; End, finish of movement. rate around the movemer; cells that displayed an increase in firing rate at
Figure 4 provides examples of each type of response. THEITE ™ B n e Cobr oo e e porton of the
cell in Fig. 4A was located in VPLo and displayed significany o, and parvocellular portion of the ventral anterior nucleus (VApc) are
increases in activity whenever an arm movement was madkgwn inA-D, respectively. Error bars, 1 SD.
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A Both Tasks B VT Task Only C IG Task Only
Reward [l } 1l

Target
I 5cm

_/XA/L

Hand

60

45
VT
Task

30

15

Spike Frequency (Hz)

0

Reward

/ N\ |5cm
Hand

60 40 30

1G
Task

Spike Frequency (Hz)

500 ms

Fic. 4. Examples of cells displaying 3 different types of task-specific increases in movement-related activity. Spike frequency
histograms aligned on movement onset (vertical line) are shown for each cell in the VIajasky) and IG task ifottom rowy.
Time course of target appearance (in the VT task only), arm movement, and reward delivery are shown above each Aistogram.
cell located in VPLo that increased its firing rate in both tagkscell from area X that showed an burst of activity in the VT task
only. C: cell located in VApc that fired in the IG task but not the VT task.

tinctions do exist in certain parts of the cerebellar- and bas&n the basis of this simple categorization, there was a trend
ganglia- receiving portions of the thalamus in relation to theore cells to be preferentially active during the VT task in af
VT and IG tasks. In particular, these distinctions clearly ane (10/13-77%) and VPLo (13/20—65%) and more cells to
observed in cells located in area X and VApc. By contragireferentially active during the IG task in VApc (9/13—-699
most cells in VPLo and VLo do not differentiate between thgnd VLo (9/15-60%). In Fig. 6A-D, right, the average
two types of tasks. Because of the strict criterion in categorigercentage change in activity is displayed for each task. ]
ing cells as “exclusive”, we decided to look in more detail gheans for the individual cells for this variable were submitt
cells that were active in both tasks to see whether they djg-5 4 x 2 (nucleusx task type) RM ANOVA. The results
played preferences for the VT or IG tasks. revealed a significant interaction between nucleus and task

[F(3,122)= 2.76,P < 0.05]. Post hoc Tukey’s tests showsg
Response characteristics of cells active in both tasks that this was due to differences in the mean percentage act

change in each task in area X and VApc. On the other hand,

To assess whether cells that were active in both tasks nelifferences between task types in VPLo and VLo were

ertheless displayed some task-dependent response charactageificant. Thus in addition to possessing many cells that w
tics, we measured the depth of modulation in each cell arelated exclusively to either the VT or IG task, respective
compared these across the two tasks within each nucleus. &hea X and VApc also contained a large number of cells t
depth of modulation was defined as the average percentagge preferentially active in the VT or IG conditions, respe

&inc uo Bio ABojoisAyd-ul wouy papeojumoq
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firing rate. On theleft side of Fig. 6, A-D, the percentage number of cells in VPLo and VLo to be preferentially excit
change in activity in the VT task is plotted against the percenty the VT and IG tasks, respectively, as a population
age change in activity in the IG task for each cell that waactivity in these cells did not differentiate between the t\
active in both tasks. Those cells located above the line of unitgnditions.

were preferentially active in the VT task, whereas those falling To determine if the cells became active at different tim
below the line of unity were preferentially active in the IG taskelative to the beginning of the movement in each task, we 3

change during the movement period relative to the baselitieely. By contrast, although there was a tendency for a gre{fer
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A VPLo C VLo levels after the end of the movement (see for example, the [cell
depicted in Fig. B). As mentioned in the preceding text, t
activity in these cells could be related to braking the outgoing
movement, initiating the return movement to the starting go-

'J" sition, or the delivery of the reward. Unfortunately, because| of

1 n=31

the manner in which the monkey performed the experimeital
task, it was difficult to separate out these possibilities. We
in the process of undertaking experiments designed to addres$
this issue and will report the results in a subsequent publica-
tion.

% Cells Active

B Area X D VApe
70 1 n=40 n=37 Thalamic stimulation

In separate sessions after all recordings had been compléted
we applied microstimulation at selected sites to aid in
i determination of our recording locations. Several recent studli

% Cells Active

have demonstrated that movements can be elicited at |ow|

o thresholds by microstimulation within VPLo and VLc byt
Both VT Task IG Task Both VT Task IG Task generally not within other thalamic nuclei (Buford et al. 199p;
Tasks  Only  Only Tasks  Only  Only Miall et al. 1998; Vitek et al. 1996). Thus this technique s

Fic. 5. Percentages of cells within each thalamic nucleus displaying theueful in determining the location of VPLo and VLc with
different types of movement-related increases in activity. Each bar represeigpect to the other nuclei.

the average from the 2 monkeys. cells that displayed an increase in firing ; ’ :

rate in both the VT and IG taskm, cells that displayed an increase in firing Be.cause this StUdy was first ar.]d foremOSt a r_ecord_lng sty
rate in the VT task onlyz, cells that displayed an increase in firing rate in théV€ did not complete an exhaustive series of microstimulat
IG task only. Number of cells recorded from in each nucleus is shown in eapenetrations. Rather our goal in performing the microstimuy
graph (op lef). Data from VPLo, area X, VLo, and VApc are shownArD,  tion was to help us confirm that we had been recording from

respectively. Error bars, 1 SD. the very least) VPLo. Toward this end, we made 11 pene

measured the onset time. This was defined as the time inteY@'S In one monkey and 4 in the other at sites that w
between the significant increase in neuronal activity and tﬁéefsumably within one of the four nuclei examined in det
beginning of movement. Figure A-D, displays the mean 9Uring the recordings. Consistent with the other studies c
onset times in the VT and IG tasks for the population of cel@/lier, e found that microstimulation at sites within VPL
in each of the thalamic nuclei examined. The means for tfi cited movement of the arm, hand, face, or Ieg at threshg
individual cells were submitted to a % 2 (nucleusX task as Iovy as 20pA. These sites are shown in Flgs. 8 _and
type) RM ANOVA. The results revealed a significant effect of2Sterisks) along with the reconstructed recording sites
task type only F(1,122) = 8.91, P < 0.05]. Thus neuronal sprlbed in the following text. By contrast, movements coy
activity was initiated sooner before the onset of movement fither not be evoked or required currents as high asl20

the IG task than in the VT task as has been shown previoud§ €licited within area X, VLo, and VApc. These sites a
for cells in the striatum and SMA (Romo and Schultz 1992/€Picted with dashes in Figs. 8 and 9. The one exception to
Schultz and Romo 1992). Moreover the lack of a signiﬁcargleneral finding was a low-threshold (30%) mlcrc_)excnable
interaction between nuclei and task type indicates that th@n€ located at the lateral aspect of area X in the sec

differences in onset times were similar across the four nucf%f)nkey (Fig. ). A similar result was obtained by Buford €
(see also Anderson and Turner 1991) al. (1996) and in fact may represent microexcitable areas af the

medial edge of VPLo. More importantly, however, movemeits
were elicited at the most anterior penetrations from which e
recorded that we presumed to be within VPLo. This confirmed
We recorded from a total of 44 cells in the two monkeys théitat our VPLo recording sites were behind the interdigitated
displayed decreases in activity at the onset of movement. Themder between this nucleus and VLo.
were approximately the same number of such cells in the
cerebellar- (24/44; 55%) and basal—gang[ia}-receiving nuclBkconstruction of recording sites
(20/44; 45%). In terms of the patterns of activity across the two
tasks, just over half of the cells (23/44; 52%) decreased theirSagittal reconstructions of the recording sites for each mpn-
activity in both the VT and IG conditions. A second largd&ey are shown in Figs. 8 and 9. These reconstructions were
group of cells (18/44; 41%) decreased their activity exclusivebenerated based on the coordinates of each recorded cell |with
in the 1G task, and only three of the cells (7%) decreased the#spect to marker lesions and, when possible, the elect
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Task-specific decreases in activity and late onset cells

activity during the movement that remained above baselif@r clarity, the reconstructed sites of cells that displayed fle-
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VPLo Area X VLo VApc
A VPLo b B D VA
x 250 4 250 4 £ 300
2 g
g * [ 3 200 A E 20
; 200 A . e ug)’ § 100
é,150~ . §150- ° o VT
c hd 4 > Task Task Task Task Task Task Task Task
g 100 | . g 100 4 ~ FlG. 7. Mean onset times for increases in neuronal activity in cells that fi _ed
- s 7] in both the VT and IG tasks. Each bar represents the average of the onset fime:
2 ¢ . i across the 2 monkeys. data from the VT task;, data from the IG task. Onset
£ 507 . S 501 times for each task are shown for VPLo, area X, VLo, and VAp@iD,
< e ® respectively. Error bars, 1 SD.
R, 0
creases in activity around the movement or increases at thelend
B Area X of movement are not shown.
w 250 250
] } DISCUSSION
- . °
g 27 oS g, 2007 Compared with the cerebellum and basal ganglia and their
o s respective cortical projection sites, there is a relative dearth of
o 1907 G 190 single-unit recording studies aimed at understanding the prodess
= o g ing occurring within the motor thalamus. One reason for thig
Q 1007 * 5 1001 appears to be that the motor thalamus traditionally is viewezi
£ ., < simply as a “relay” center through which subcortical structuteg
T P . & 50 send projections to cortical targets. Thus the same neuronal infgr
: mation is assumed to be present in the thalamus as in the ¢&e+
c 0 ' T bellum or basal ganglia. Although not the focus of the curr¢
study, the presence of interneurons at least within the cerebqliar-
C VLo receiving nuclei (llinsky et al. 1993) suggests that a significist
amount of neuronal processing beyond a simple relay of inforfng-
x 250 250} tion may be taking place within the motor thalamus. In additi rg
- other inputs particularly those arising from corticothalamic pijos
5 29 g 27 jections also may modulate the activity of cells in the cerebelld
o . g and basal-ganglia- receiving thalamic nuclei (see following te g
o 150 $ S5 1907 These issues await further investigation. )
s . 2 The goal of the present study was to examine whether agy
Ci 1001 * % 100 4 functional segregation exists at the level of the thalamud &
£ * . < terms of the types of cues used to trigger and guide movemgest
£ o . R 501 In particular, we were interested in whether movements driyen
< o% o o by external sensory stimuli as opposed to internal cues Wege
= 0 ; ' - ' 0 coded differentially by different thalamic nuclei. The results
demonstrated that cells in area X preferentially contributed to
D VApc movements triggered by visual stimuli (VT task): just over half
of the cells sampled in area X fired exclusively in the VT tagk,
= 2 0] 77% of area X cells that fired in both tasks did so to a gregter
e extent in the VT task, and as a population, the cells in area X
g 2001 “é,zoo' that were active in both tasks displayed a greater depth of
o 150 S . modulation in the VT task. By contrast, cells in VApc prefef-
o O entially contributed to movements that were generated bgsed
2 . E‘ 100 on an internal cue (IG task): slightly more than half of the cefls
L; 1991 ® e g ] recorded from in VApc fired exclusively in the 1G task, 69% of
3 ¢ j VApc cells active in both tasks fired to a greater extent in the
5 % I = IG task, and as a population, cells in VApc that fired in bqth
:o ° . tasks displayed a greater depth of modulation in the IG tgdsk.
O s 100 180 200 250 VT IG Thus the evidence clearly supports a functional distinction
Task Task between area X and VApc in terms of the cues used to trigger
% Activity Change - IG Task and guide movement. In contrast to this relatively high degfee
Fic. 6. Left percentage change in activity in the IG task (abscissa) vs. VT tagf functional specificity, cells in VPLo and VLo did not sho
() cls Bty Sl koot V7 s X8 1810, clear a preference fo ane concion o the ofer. Apprd-
aprefer’()enceforthe IG tagsk whereas cells above the line o?unltywere cal?teg}]/or ?tely 1/3 of the cells in VPLo and VLo were eXC|USIVe
as preferring the VT tasRight mean percentage change in activity for cells activé€lated to the VT and IG tasks, respectively. Moreover, of the
in both the VT &) and IG €) tasks for each nucleus. Error bars, 1 SD. cells that were active in both tasks there was a categorjcal
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.

RN P

FIG. 8. Sagittal sections through the thalamusmainkey Ishowing locations of neurons displaying increases in activity in both
tasks (large white circles), increases in the VT task only (black squares), or increases in the IG task only (white squares). Asterisks
denote sites from which movements of the hand, arm, leg, or face could be elicited with microstimulation. Dashes denote
microstimulation sites that did not elicit movement. Sagittal slices are at 0.5-mm intervals starting at 3.5 mm lateral to the midline
in Aand ending at 7.0 mm lateral K. LD, lateral dorsal nucleus; R, reticular thalamic nucleus; VAmc, ventral anterior nucleus,
pars magnocellularis; VLc, ventral lateral nucleus, pars caudalis; X, area X.

tendency for more of them to be preferentially active in the VVApc caused specific deficits in the IG task, and both ta
task in VPLo and the IG task in VLo. However, as a populatiowere influenced when either VPLo or VLo was inactivated.

these cells did not display a significant difference in their depthat follows, we discuss how these results can be interprg

of modulation across the two tasks. Thus although there wamalight of previous functional and neuroanatomic studi
slight tendency for functional specificity related to the tasksithin the cerebello- and pallidothalamocortical systems.
used in this study within VPLo and VLo, this tendency was

much weaker than that observed in area X and VApc. Instegghrepellum and visually triggered movements

most of the cells sampled in these two nuclei did not differen-

tiate between the conditions. The present results are consisterfthe cerebellum is intimately involved in the generation a
therefore with the idea that different anatomically segregatedntrol of arm movements made toward visual targets. S
portions of the motor thalamus are involved to varying degregsts with cerebellar damage have difficulty with such moy
in the control of visually triggered versus internally generatedents and show improvements when vision of the target
movements. Preliminary evidence in which these nuclei weitfgeir hand is removed (e.g., Beppu et al. 1987; van Donke
temporarily inactivated provides support for these conclusioasd Lee 1994). Brain imaging studies have demonstrated
(van Donkelaar et al. 1997b). In particular, only VT movenificant cerebellar activation during pointing movements mg
ments were affected after inactivation of area X, infusion ofith visual feedback of the hand (Inoue et al. 1998) and wh

Fic. 9. Sagittal sections through the thalamusradnkey 2Figure notation as in Fig. 8.
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movements are triggered and guided by external sensory ctles middle portion of VLo (DeVito and Anderson 1982).
(Jueptner et al. 1996). Mushiake and Strick (1993) have shoWnlike the relatively segregated projections from the cerehel-
that this functional specificity for visually guided action mayum to VPLo and area X, there appears to be a substatial
be restricted at the level of the dentate to the most caudehount of overlap in the pallidal projections to VLo and VAfc
portions of this nucleus: cells here display a preference f@ideVito and Anderson 1982). Thus it is not clear how tie

visually guided movements, whereas cells located more rossults of the present study on the ventral thalamus and thosq
trally in the dentate do not differentiate as clearly betwedsy Mushiake and Strick (1995) on the GPi are to be integrated.
visually guided and remembered movements. The caudal déhe fact that cells in VApc displayed a strong preference for
tate projects mainly to area X whereas the rostral dentatéernally generated movements but cells in VLo did not de-
projects mainly to VPLo (Strick et al. 1993). Thus there is spite receiving inputs from the dorsal GPi suggests that other
clear association between the functional specificity observedmuts may be modulating the activity in the motor thalamus|in
the level of the dentate as shown by Mushiake and Striektask-specific fashion. One such input may be that ariging
(1993) and the functional specificity in area X and VPLé&rom motor cortical projections back down to the thalamys.
within the thalamus in the present study. Therefore the interactions between the thalamus and the mjoto
areas of the cortex will be considered next.

Basal ganglia and internally generated movements

. _ . Thalamocortical and corticothalamic projections
Evidence to support the idea that the basal ganglia are

involved preferentially in internally generated movements is The projections from the cerebellar- and pallidal-receivipg
less clear than that supporting the role of the cerebellum portions of the thalamus overlap considerably at the level of fhe
visually triggered movements. Certainly, subjects with Parkigortex (e.g., Holsapple et al. 1991; Hoover and Strick 1993
son’s disease display deficits in producing internally generat&€l99; Inase and Tanji 1995; Inase et al. 1996b; Matelli eng
or remembered movements that are ameliorated when extetngbpino 1996). For example, VPLo sends projections to r%
cues are provided (e.g., Crawford et al. 1989; Morris et ahotor cortex, the dorsal and ventral premotor cortex, and [t
1996; Oliveira et al. 1997). Similarly, subjects with Huntingsupplementary motor area. VLo also sends projections to g4gH
ton’s disease have difficulty generating predictive saccadic eythese areas as well as to the presupplementary motor ar agl
movements (Tian et al. 1991). Many recording and inactivatiagarms of function, the finding from the present study implies-
studies in monkeys, however, have shown that the basal gévat the majority of cells in VPLo and VLo contribute similgrS
glia do not clearly differentiate between visually triggered anglgnals to each of these areas during movements base¢=p
internally generated or remembered movements (e.g., Hilexternal visual cues versus internal cues. )
saka and Wurtz 1983a,b; Inase et al. 1996a; Kimura et al. 1992The projections from both area X and VApc terminate in thig
Mink and Thach 1991a,b). The results of Mink and Thackentral premotor cortex, the presupplementary motor area, jg@d
(1991a,b) and Inase and coworkers (1996a) are consistén@ frontal and supplementary eye fields. The degree to whigh
instead with the idea that the basal ganglia are involved @amea X and VApc projections overlap categorically at the
turning off or biasing muscle activity to allow a particularcortical level is difficult to reconcile with our results showingg
movement to occur regardless of the context. On the otlfanctional segregation between these nuclei in terms of e
hand, others have demonstrated that the activity in basal ganes used to trigger and guide movement. When the streng
glia output cells provides an internal cue that contributes to thiee projection is taken into account, however, the relations|
switching from one movement to another within a predictableetween activity in area X and VApc and their cortical proj
sequence (Brotchie et al. 1991). Indeed, Mushiake and Stritdn sites becomes somewhat more tractable. Area X proj
(1995) have shown that this functional specificity may bmore heavily to the ventral premotor cortex than does V

-

=

inactivation took place within the GPi. In the experiments byery similar to our own finding that the activity in the majorit
Mink and Thach (1991a,b) and Inase and colleagues (1996&)ells in area X is related to visually triggered movemen
the mid to ventral half of the GPi was probed, whereas in the Relative to area X, VApc sends a somewhat stronger

aspect of the GPi is involved more specifically in the processovements (Inoue et al. 1998). The results from recording
of movement selection based on internal cues. inactivation studies in primates are consistent with these fipnd-

The dorsal GPi projects mainly to the lateral and rostraigs. Cells in the presupplementary motor area participatg in
aspects of VLo and VApc, whereas the ventral GPi projects tioe acquisition and control of memorized sequences of mgve-
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ments (Clower and Alexander 1998; Nakamura et al. 199®pREcker H., DAGHER, A., CEBALLOS-BAUMANN, A. O., PassiNGHAM, R. E.,
Similarly, temporary inactivation of the presupplementary mo- SAMUeL, M., FRISTON, K. J., FOLNE, J., DETTMERS, C., CONRAD, B., AND
tor area disrupts the ability to produce memorized but nOtBROOKS D. J. Role of the human rostral supplementary motor area and
visually triggered sequencc_es_of movements (Shima and Tanjj Neurophysiol79: 10701080, 1998.
1998). These results are similar to our own showing a pref@lizorcii, P., lansex, R., AND HORNE, M. K. Motor function of the monkey
ence for movements based on internal cues within VApc.  globus pallidus. I. Neuronal discharge and parameters of moveBeaih
The projections from the motor thalamus to the motor areasi14: 1667-1683, 1991.
of the cortex are to a certain extent reciprocal. Both the mot%VFOIT_Sv I»" A., INASE, M., AND AdNDE_RSON Mt EI- Contrasting _'Oc?tiot?]slf’f
H allldal-recelving neurons and microexcitaple zones In primate alam
gortex and supplementary motor area pI‘OJ.eCt to VPLo and VLo‘J)_ Neurophysiogs: 1105-1116, 1696 p
ut not area X or VApC (Jurgens 1984’ KunZIe, 1976): BMUTLER, E. G., BNKELSTEIN, D. I., HARVEY, M. C., CHURCHWARD, P. R.,
contrast, the ventral premotor cortex and the anterior portion Ofog ano, L. M., AN Horne, M. K. The relationship between monkey
the supplementary motor area (i.e., the presupplementary marentrolateral thalamic nucleus activity and kinematic parameters of w
tor area) project to area X and VApc but not VPLo or VLo movementBrain Res.736: 146159, 1996.
(Kunz|e 1978) The projection from the motor cortex to VPL®UTLER, E. G., ForNE, M. K., aND Hawkins, N. J. The activity of monkey
and VLo could help to explain the lack of clear task specificity ‘ha;im@ Iar(‘l‘_’ nljo)ﬂ;%gicjlg ”fgg;”es in a skilled, ballistic moveme
. .. Siol. ond. . — 40, .
observed in these DUCIeI in the present SIUdy' Th‘? motor CorE}](WERYW. T. AND ALEXANDER, G. E. Movement sequence-related activit
cpdes_ for the basic parameters of movement_“ke fo_rce an eflecting numerical order of components in supplementary and presupg
direction (Georgopoulos 1991) and does not differentiate bementary motor areas. Neurophysiol80: 1562-1566, 1998.
tween movements based on external cues versus internal Gti@srorn, T. J., HENDERSON L., AND KENNARD, C. Abnormalities of nonvi-
(Mushiake et al. 1991)_ If the input from the motor cortex sually-guided eye movements in Parkinson’s dise&ain 112: 1573—
modulates or even dominates the activity in VPLo and VLo, 1586, 1989.

then it follows that they too will not differentiate between th&=Y!T: J: L. AND AnDERSON M. E. An autoradiographic study of efferen
connections of the globus pallidus Macaca mulatta. Exp. Brain Re46:

tasks used in the present study. 107-117, 1982.
ForLANO, L. M., HORNE, M. K., BUTLER, E. G.,AND FINKELSTEIN, D. Neural
Conclusions activity in the monkey anterior ventrolateral thalamus during trained, b
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